Tribological behavior of nanostructured nickel by Guidry, Dean Joseph
Louisiana State University
LSU Digital Commons
LSU Master's Theses Graduate School
2002
Tribological behavior of nanostructured nickel
Dean Joseph Guidry
Louisiana State University and Agricultural and Mechanical College, guidry@mezzosystems.com
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Mechanical Engineering Commons
This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU
Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.
Recommended Citation
Guidry, Dean Joseph, "Tribological behavior of nanostructured nickel" (2002). LSU Master's Theses. 686.
https://digitalcommons.lsu.edu/gradschool_theses/686
TRIBOLOGICAL BEHAVIOR OF NANOSTRUCTURED NICKEL 
 
 
 
 
 
 
 
 
A Thesis 
 
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Master of Science in Mechanical Engineering 
 
in 
 
The Department of Mechanical Engineering 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
By 
Dean Joseph Guidry 
B.S., Louisiana State University, 1999 
May 2002 
 
 
 
 ii
ACKNOWLEDGMENTS 
 
 I would like to express my sincere appreciation and thanks mostly to my wife Shannon 
Allen Guidry for her support 24 hours a day, 7 days a week.  My gratitude also goes to my Major 
Professor Dr. Efstathios I. Meletis for his advice and guidance throughout this research project 
and other projects.  I would also like to extend my appreciation to my other committee members 
Dr. Tryfon T. Charalampopoulos and Dr. Eyassu Woldesenbet for their time and effort.  This 
study could not have been completed without Dr. Kun Lian’s help with the electrodeposition, 
nanohardness, and LIGA preparation parts of this project.  The TEM sample preparation and 
analysis portion of this project could not have been completed with the success it was without the 
help of Dr. Jie Chao Jiang.  He also provided good advice and motivation when things didn’t go 
as well as planned.   
 In addition I would like to thank Mrs. Cindy Henk for her help with the SEM in the Life 
Sciences Department, and Jim Layton for his extra effort in the machine shop in preparing the 
Ni-200 samples.  I also send out my gratitude to all the personnel at CAMD for their efforts in 
keeping the advanced research facility operating, which makes this highly technical field 
possible in Louisiana.  My special thanks go out to Varshni Singh who helped me in every way 
possible during graduate school.   Not only did he always give me technical assistance, he also 
helped me to work out any other problems that I would bring to him. 
 Finally, I want to thank my parents, my oldest brother Trent and all my friends for their 
support, friendship and love. 
 iii
TABLE OF CONTENTS 
 
ACKNOWLEDGMENTS...............................................................................................................ii 
 
LIST OF TABLES .......................................................................................................................... v 
 
LIST OF FIGURES........................................................................................................................vi 
 
ABSTRACT.................................................................................................................................viii 
 
1. INTRODUCTION................................................................................................................. 1 
 
2. OBJECTIVES ....................................................................................................................... 5 
 
3. REVIEW OF LITERATURE................................................................................................ 6 
3.1 Nanostructured Materials and Synthesis Techniques ........................................................ 6 
3.1.1 Nanostructured Chromium.......................................................................................... 9 
3.1.2 Nanostructured Aluminum........................................................................................ 11 
3.1.3 Nanostructured Copper ............................................................................................. 12 
3.1.4 Nanostructured Iron................................................................................................... 13 
3.1.5 Nanostructured Nickel............................................................................................... 13 
3.1.5.1 Electrodeposition Techniques............................................................................. 13 
3.1.5.2 Ion Implantation ................................................................................................. 15 
3.1.5.3 Composite Nickel Coatings ................................................................................ 16 
3.2 Fundamental Wear Mechanisms...................................................................................... 17 
3.3 Tribological Behavior of Nanostructured Metals ............................................................ 20 
 
4. EXPERIMENTAL .............................................................................................................. 21 
4.1 Preparation of Nickel Samples......................................................................................... 21 
4.1.1 Electroplating of Nickel Samples.............................................................................. 21 
4.1.2 Bulk Nickel Samples................................................................................................. 22 
4.2 Microhardness Testing..................................................................................................... 23 
4.3 Nanohardness Testing...................................................................................................... 23 
4.4 Transmission Electron Microscopy ................................................................................. 24 
4.5 Scanning Electron Microscopy........................................................................................ 24 
4.6 Tribological Testing......................................................................................................... 25 
 
5. RESULTS AND DISCUSSION ......................................................................................... 27 
5.1 Grain Size Measurements ................................................................................................ 27 
5.2 Microhardness.................................................................................................................. 33 
5.3 Nanohardness................................................................................................................... 34 
5.4 Friction and Wear Behavior............................................................................................. 40 
 iv
 
CONCLUSIONS........................................................................................................................... 46 
 
REFERENCES.............................................................................................................................. 47 
 
VITA ............................................................................................................................................. 50 
 
 
 
 
 
 v
LIST OF TABLES 
 
Table 1: Typical constituents of a Watts-type bath....................................................................... 21 
Table 2: Nickel electroplating parameters .................................................................................... 22 
Table 3: Nominal composition of nickel 200, wt% ...................................................................... 22 
Table 4: Grain size chart summary ............................................................................................... 31 
Table 5: Average grain size........................................................................................................... 32 
Table 6: Nanoindentation test parameters and results................................................................... 36 
Table 7: Wear rates for nickel and alumina .................................................................................. 41 
 
 
 
 vi
LIST OF FIGURES 
 
Figure 1: SEM micrographs of LIGA fabricated components........................................................ 2 
Figure 2: Schematic of a system of study ....................................................................................... 3 
Figure 3: Hardness and E/(1-v2) vs. grain size of Cr and Cr/DLC ............................................... 10 
Figure 4: Nanohardness vs. grain size in aluminum ..................................................................... 11 
Figure 5: Yield strength vs. grain size for nickel .......................................................................... 14 
Figure 6: TEM micrographs of electrodeposited nickel................................................................ 27 
Figure 7: Typical electron diffraction pattern of an electroplated Ni sample (PNi-001) .............. 28 
Figure 8: Grain size distribution of PNi-001................................................................................. 29 
Figure 9: Grain size distribution of PNi-002................................................................................. 29 
Figure 10: Grain size distribution of PNi-003............................................................................... 30 
Figure 11: Grain size distribution of PNi-005............................................................................... 30 
Figure 12: SEM micrograph of etched Ni-200.............................................................................. 32 
Figure 13: Vickers hardness of electroplated and bulk nickel ...................................................... 33 
Figure 14: Loading and unloading curve during nanohardness testing of PNi-001 ..................... 34 
Figure 15: Typical experimental values of nanohardness and reduced modulus for PNi-001 ..... 35 
Figure 16: Nanohardness as the function of current density and bath temperature ...................... 36 
Figure 17: Reduced modulus as the function of current density and bath temperature ................ 37 
Figure 18: Stiffness as the function of current density and bath temperature............................... 38 
Figure 19:  Summary of previous results on flow-stress as a function of grain size .................... 39 
Figure 20:  Coefficient of friction vs. sliding distance for nanostructured and bulk Ni ............... 40 
Figure 21: 3D profiles of wear tracks............................................................................................ 42 
Figure 22: SEM micrograph of entire wear track of Ni-200......................................................... 43 
 vii
Figure 23: SEM micrograph of entire wear track of PNi-001....................................................... 44 
Figure 24: SEM micrograph of wear track in bulk Ni (Ni-200) ................................................... 44 
Figure 25: SEM micrograph of wear track in nanostructured Ni (PNi-001) ................................ 45 
 
 viii
ABSTRACT 
 
The present study reports the effects of electroplating parameters on the microstructure, and thus 
the mechanical and tribological properties, of nanostructured nickel.  Electroplating was 
conducted in a Watt’s type bath with a pH of 3.0 carried out using direct current in galvanostatic 
mode at current densities of 30 mA/cm2 and 15 mA/cm2 in electroplating bath temperatures of 
30°C and 50°C.  Grain size and distributions were determined from TEM (Transmission Electron 
Microscope) and SEM (Scanning Electron Microscope) micrographs.  Tribological tests were 
carried out on a pin-on-disc type tribometer.  The same tests were conducted on Ni-200 for the 
purpose of comparison.  Wear rates were calculated for the nickel surfaces using optical 
profilometry and for the alumina pins using optical microscopy.  Nano-indention techniques 
provided the nanohardness, stiffness, and reduced modulus values for all samples.  
Microhardness readings were also recorded to further study the surface properties.  Results show 
that electroplating produced thick, dense and uniform nickel deposits with grain size down to 
10’s of nm and a length/width ratio around 1.8.  Lower current densities were found to produce 
smaller grain sizes while temperature showed a minor effect with higher temperatures producing 
a broader grain distribution.  The grain size and distribution were found to significantly affect 
hardness and elastic properties with the smallest grain size possessing a hardness that was at least 
three times higher than that of bulk nickel.  Nanostructured nickel showed lower coefficients of 
friction and wear rates compared to that of bulk nickel and the nanostructured nickel with the 
smallest grain size exhibited the lowest coefficient of friction and wear rate.  These differences 
were attributed to different wear mechanisms.  Bulk nickel showed extensive cracking and 
evidence of material removal under a wear fatigue mechanism.  On the contrary nanostructured 
nickel exhibited a fine abrasive wear mechanism.  This study presents results that suggest a 
 ix
consistent relationship between processing parameters, grain size and distribution, hardness, and 
wear behavior in electroplated nickel.  Understanding of this relationship can be applied to tailor 
properties and improve behavior of MEMS components. 
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1. INTRODUCTION 
 
The use of microfabricated components has become more widely used in a variety of 
products ranging from cell phones and PDAs to medical applications that give people better 
preventative care.  Newer applications of the technology will place even more demands on the 
microfabricated materials.  As these materials undergo more wide spread use, the knowledge of 
their properties and reliability becomes essential to their design.  As newer techniques are 
developed and older techniques such as PVD (Physical Vapor Deposition) and CVD (Chemical 
Vapor Deposition) are applied to the lithography and molding processes, the number of materials 
available for design is increasing.  The present studies, which focus on how nanostructured 
materials perform and how the microstructures affect their properties, will make the process of 
customizing these materials easier. 
Some of the first microfabricated components used were in the form of microrelays and 
switches, and were made of polysilicon or polysilicon coated with aluminum.  The downside of 
this is that a high-temperature anneal is required, which can damage the electronic components 
already in place.  Researchers at Northeastern University were some of the first to develop a 
MEMS (MicroElectroMechanical Systems) process that used electroplated nickel as the 
mechanical device thus allowing electroplating to be done at lower temperatures [1].  This 
technique made it possible to define micromachined components anywhere on a chip after the 
electronics had been placed.     
Nickel electroplating has continued to be used in MEMS devices not only in the chip 
industry but also for many other micro mechanical applications.  Nickel has good mechanical 
properties such as high yield strength and hardness that are beneficial in the HARMS (High 
Aspect Ratio Microstructures) components.  Traditionally and presently many of these 
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components that would be susceptible to wear are plated from nickel.  Figure 1 presents SEM 
micrographs of some typical components fabricated by these techniques. 
 
 
Figure 1: SEM micrographs of LIGA fabricated components 
 
Because the dimensions of microfabricated components range from nanometers to 
millimeters, with most of them in the range of microns, nano-crystalline materials like 
electrodeposited nickel will be better suited to the applications for overall performance.  During 
the process of electrodeposition small, often unintentional, variations in parameters can lead to 
significant microstructural variations and therefore significant changes in mechanical properties. 
The reported mechanical properties of electroplated nickel vary widely in the literature due to the 
unknown variations in parameters.  Because of this, it is necessary to devise a system for 
studying and refining the parameters to customize them for different applications’ needs.  MEMS 
applications require more controlled processing methods than previously used to develop 
 3
electrodeposited nickel for increased performance.  An example of a simple kind of system was 
devised at CAMD (Center for Advanced Micro Devices) and a schematic can be seen in Figure 
2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Schematic of a system of study 
 
These processing issues affect the material’s metallurgical and mechanical properties, 
potentially limiting their usefulness for MEMS applications [2].  No systematic studies were 
published prior to 1989 on the synthesis of nanocrystalline materials by electrodeposition to 
optimize certain properties by introducing the larger volume of grain boundaries and triple 
junctions [3].  Traditionally there has been a lack of systematic studies in the areas of processing 
parameters, microstructures of produced components, and resulting material properties.    This 
lack of cohesion between similar studies results in inadequate collaboration among institutes and 
Plating parameters may alter the 
microstructures of electrodeposited Ni 
Material property changes will affect the 
performance of MEMS devices 
Evaluation of 
relationships 
between 
microstructures 
and material 
properties 
Materials can 
be tailored to 
suit different 
applications 
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professionals leading to contradicting results.  In some studies the effects of grain size on the 
material properties were either masked or not clearly separated from other effects like solid 
solution, dispersion strengthening, and prestraining [4].  One aspect all studies have shown is the 
qualitative relationship between processing, microstructure, and resulting material properties.   
 Two important aspects of materials that directly affect their performance in kinetic 
components are their hardness and wear properties.  Hardness is a materials resistance to 
localized plastic deformation and is directly related to the wear resistance.  Tribology is the study 
of friction and wear between material surfaces under various environmental conditions.  Wear 
properties are of vital importance in understanding the kinds of failures that occur in dynamic 
components of all types.  With microfabricated components the importance of wear is even 
greater due to the lack of ability to repair or replace single components of a system.  This is true 
today of microfabricated electronic components where the only practical means to repair a 
problem is to replace an entire circuit board.  As these components continue to become smaller 
and the dynamics become more demanding this problem will only increase.  One of the solutions 
to this is through the development of better wear resistant materials.  With the proper amount of 
study and understanding, it is possible to more accurately predict failure and to modify the 
properties of materials in order to give longer lasting and more reliable service.  As the field of 
microfabrication has begun to see large strides in the technology of design and fabrication, the 
material properties of these components have become crucial to their performance in different 
applications. 
 In this study nanostructured nickel samples were electrodeposited under various 
conditions and characterized by microstructural, mechanical and tribological properties in an 
effort to develop a better understanding of processing-structure-property relationship.     
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2. OBJECTIVES 
 
The present study is concerned with the processing-structure-property relationship in 
nanostructured nickel. 
 More specifically, the objectives of the present research are: 
(i) to study the effect of processing parameters on the structure and resulting properties 
and characteristics of nanostructured nickel produced by electrodeposition; 
(ii) to investigate the role of grain size on tribological properties; 
(iii) to increase the scientific knowledge of the structure-property relationship of nano-
structured nickel in order to aid in design of new highly demanding systems of interest. 
 6
3. REVIEW OF LITERATURE 
 
3.1 Nanostructured Materials and Synthesis Techniques 
 
 As systems become more demanding on the materials used, enhancing their performance 
is of great interest, not only in microfabrication but also in structural applications such as in the 
aerospace industry [5].  Nanostructured materials, with characteristic grain size on the order of 
nanometers, usually are far away from thermodynamic equilibrium.  Those formed by 
supramolecular chemistry are in thermodynamic equilibrium, while the nanostructured materials 
typically used in microfabrication, consisting of grains with different crystallographic 
orientations and/or chemical compositions, are not [6].  The non-equilibrium nanostructured 
materials can be classified into twelve groups according to the shape and chemical composition 
of their constituent structural elements [7].  Some of the techniques used to produce 
nanostructured materials are ion implantation, laser beam treatments, electron beam vapor 
deposition, mechanical alloying, molecular beam epitaxy, rapid solidification from the liquid 
state, and electrochemical deposition processes [5,8].  PVD (Physical Vapor Deposition) and 
CVD (Chemical Vapor Deposition) techniques have been shown to offer great promise as new 
methods of microfabrication.  However, electrodeposition is the most commonly used process to 
date.  This study focuses on nanostructured metals, a subdivision of the entire family of 
nanostructured materials that also includes polymers, ceramics, and composites.   
Throughout history many different techniques have been found and used to improve 
properties of materials.  Through various heat treatments, strain hardening, and alloying, 
mankind has found many methods to strengthen, harden and increase other mechanical 
properties of materials. Though these techniques have been suitable for specific applications, 
usually they improve one property at the cost of another.  Strengthening and hardening 
 7
techniques usually result in loss of ductility in metals.  Cold Working is one such type of 
strengthening method, which is limited because the dislocation cell size saturates at high strain 
values and thus dislocations can easily be generated from or absorbed in the cell walls [9].  In 
more recent times it has been discovered that through controlling the grain size and 
microstructure, metals can be strengthened and hardened with little or no loss of ductility [10].  
When grain size is reduced it has been shown to improve the mechanical properties.  This has 
been substantiated by many studies [4,6,10,11,12].  The relationship between grain size and yield 
strength of polycrystalline materials was studied back in the 1950’s by Hall [13] and Petch [14].  
They developed an equation to describe this relationship that has become known as the Hall-
Petch equation [12]: 
 
 5.0oy kd
−+σ=σ  (1) 
 
where σy is the yield strength, σo is a friction stress, k is a constant that is usually interpreted as a 
measure of the contribution of the grain boundaries to the strength [10] and d is the grain 
diameter.  The Hall-Petch equation’s applicability to grain sizes on the nanometer scale has been 
a question since recent advances in material processing techniques have allowed researchers to 
create materials with almost finite grain sizes.  Many studies have found that in the nanoscale 
range the variation of hardness can also be described with this equation [10,11].  However it has 
also been shown that below certain grain size values the Hall-Petch slope starts to decrease and 
can even become negative [15-17].  This deviation has been explained in the literature to be due 
to the presence of imperfections such as triple grain junctions or porosity [15,18-20].  It is 
because of the complexities of these new nanostructured materials that it is important to study 
the friction and wear characteristics due to their large potential for many applications. 
 8
Nanostructured materials are usually characterized by grain sizes in the range of less than 
100 nm.  It is due to the large surface to volume ratios of the grains that these materials exhibit 
unique and novel properties [4]. Part of the reason that nanostructured materials have such 
unique properties is because of the high density of defects caused by a large fraction of atoms 
residing at the grain boundaries.  These materials not only have good mechanical properties but 
have also been shown to possess good corrosion resistance and thermal stability.  Other features 
that are of interest in nanostructured materials include the nature and morphology of grain 
boundaries and interphase interfaces, perfection and nature of intragrain defects, composition 
profiles across grains and interfaces, and identification of residual trapped species derived from 
processing [5]. 
 In other studies metals have even been created that have no crystal structure and are 
considered amorphous substances [21].  It may be possible that through these studies a whole 
new generation of metals can be created with properties superior to their large grained 
counterparts.  There are only a limited amount of different techniques and materials at present 
that can achieve these states, but preliminary studies have encouraged further research to not 
only use these nanostructured materials for microfabricated devices but also in larger 
applications. 
The nanostructured state is not only possible in metals but in other materials as well.  For 
example, in order to improve the performance of grinding wheels some studies show that 
nanocrystalline CBN can be coated onto existing grinding wheels.  Because of the smaller grain 
size the wheels are said to not fail as easily once a crack is initiated onto the wheel.  The smaller 
grains will halt intergranular cracking more easily leading to longer operating life of the wheels 
[22]. 
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3.1.1 Nanostructured Chromium 
 
 Chromium has been refined into a nanostructured material through various techniques.  It 
is commonly known that chromium has been widely used as a coating material by 
electrodeposition and flame spraying methods for many years now.  A recent study showed how 
severe plastic deformation processing could produce grain size reduction of pure chromium into 
the nanoscale dimensions with a large increase in the hardness value.  This technique is referred 
to as SPDR (Severe Plastic Deformation Recrystallization) [4].  This type of severe plastic 
deformation also plays a role in the kind of sliding contact wear that is performed in this study 
[23] and will be discussed in more detail later.   
 Singh et al. reported synthesizing nanostructured chromium and a chromium/DLC 
(Diamond Like Coating) composite by using a hybrid CVD/PVD system that combined 
intensified plasma and sputter deposition. Three different grain sizes in the range of 20 to 200 
nm were produced for both nanostructured materials, and the nanohardness was shown to obey 
the Hall-Petch relationship.  Figure 3 shows the results of this study for both Pure Cr and 
Cr/DLC Multilayer.   
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Figure 3: Hardness and E/(1-v2) vs. grain size of Cr and Cr/DLC 
 
 
 
The tribological properties were also found to correlate with the nanohardness [24].     
Chromium has also been formed successfully from powders using a thermal spray 
technique referred to as HVOF (High Velocity Oxidizing Flamespray).  These coatings have 
shown good wear properties and good resistance to high temperature [25].  This technique is 
more efficient and has higher deposition rates when compared to the vacuum techniques.  HVOF 
is particularly useful in depositing chromium carbide and nickel chrome coatings. 
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3.1.2 Nanostructured Aluminum 
 
Aluminum is a material that is of interest in the field of micro-fabrication due to its 
beneficial properties such as good heat and electrical conductivity, low density, and good 
corrosion resistance.  In one study a PVD method has been successfully used to produce 
nanostructured aluminum through radio frequency magnetron sputtering.  Nanostructured 
aluminum was fabricated with average grain sizes between 98 nm and 16.4 nm using this 
method. The hardness of the aluminum increased in this range from 300 MPa to 1700 MPa.  The 
Hall-Petch relationship was observed between the hardness and grain size and is shown in Figure 
4 [10]. 
 
Figure 4: Nanohardness vs. grain size in aluminum 
  This thorough study looked at the wear, nanoindentation and microstructure properties 
and their relationships.  It was shown that the peak coefficient of friction dropped by 55% 
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between grain sizes of 1 mm and 16.4 nm.  The wear rates were shown to be sensitive to the 
grain size and hardness of the material. 
 Another technique for production of nanostructured aluminum for direct use in micro-
tensile testing is an inert-gas condensation and compaction method that evaporates the aluminum 
target by electron-beam heating.  It has been reported previously that a change in the ultimate 
tensile strength between grain sizes of 30 µm and 250 nm was from 40 MPa to 240 MPa 
respectively with very little loss of ductility [26].  It was shown that a reduction in grain size 
produced a six-fold increase in the ultimate tensile strength.  These results illustrate the high 
potential of these materials for future applications.  
3.1.3 Nanostructured Copper 
 
Copper is one of the most common and easily fabricated nanostructured materials.  Due 
to its ability to be developed by electrodeposition, electroless deposition, and various PVD and 
CVD techniques, it has been extensively researched.  Studies have been conducted on both its 
tensile properties and structural changes due to fatigue [27,28].  Copper was deposited using 
inert gas condensation techniques with resistive heating used for evaporation.  Results of the 
tensile tests have indicated an increase in the yield strength with some loss of ductility.  Increase 
in hardness in these copper samples was dramatic compared to the increase in yield strength 
indicating that through proper refinement of the parameters even stronger copper structures can 
be produced.  In fatigue testing of nanostructured copper it was found that there was a moderate 
increase in grain size around 30% after several hundred thousands of cycles of fatigue.  In these 
tests the samples did elongate slightly in the course of prolonged fatigue [27].  This study yields 
some understanding of the behavior of nanostructured materials under fatigue conditions; 
however further research in this area may yield more definite and comparable results. 
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3.1.4 Nanostructured Iron 
 
 Nanostructured iron is of great interest due to its magnetic properties, especially when 
alloyed with nickel.  Alloys of 80% Ni and 20% Fe are referred to as permalloys and are 
presently used as magnetic reading heads in hard drives.  The permalloys are typically formed 
through electrodeposition in sulfate/citrate based baths [29].  Another method of producing pure 
nanostructured iron is through ball milling.  Ball milling is a process of producing nanostructured 
materials through mechanical attrition of pure powders.  It has been reported that nanostructured 
iron has been fabricated by this method with grain sizes of 14 nm [30].  Due to the inferior 
mechanical and corrosive properties of pure iron compared to nickel, it is not often used in 
microfabricated components. 
3.1.5 Nanostructured Nickel 
 
3.1.5.1 Electrodeposition Techniques 
 
Nickel is presently one of the most commonly used materials in MEMS based 
components fabricated using the LIGA technique because it can be easily deposited 
electrochemically.  In electrodeposition, processing parameters affect many of the properties of 
the plated material.  Greek and Ericson found that the yield and tensile strength in nickel and 
nickel-iron alloys depend on these parameters [31].  In a similar study, Banovic et. al. [11] 
produced pure nickel plates from a sulfamate bath.  They systematically varied the current 
density from 5 mA/cm2 to 25 mA/cm2, which resulted in variations in the microstructures and 
thus in the material properties.  They found that the samples deposited above 10 mA/cm2 obeyed 
the Hall-Petch relationship.  The Hall-Petch plot of yield strength vs. grain size for nickel is 
shown in Figure 5 from three studies (The different symbols indicate the studies) [9,32,33].  
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Figure 5: Yield strength vs. grain size for nickel 
Samples deposited below 10 mA/cm2 were found to have a surface morphology 
consisting of large deep crevices surrounding smaller substructures.  One of the drawbacks of the 
electroplating process is that it usually produces a material with a highly textured lenticular 
microstructural morphology suggesting an anisotropic material response [2].  This can be 
observed in the columnar structure when viewing a cross-sectional area of an electroplated 
sample and in surface properties such as hardness that vary from one side of the plated sample to 
the other [13]. 
The preferred orientation of electrodeposited nickel has been found to be along the (100) 
relative to the growth direction [29].  This has been associated with large crystallite size and the 
texture becomes closer to random as crystallite size is reduced below 50 nm [9].  It has also been 
shown that hydrogen codeposition enhances the strength of the (100) fiber texture by preferential 
reduction of the (100) surface energy [51]. 
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Pulsed electrodeposition is one of the newer techniques of electroplating, offering a 
simple and inexpensive method for producing nanostructured materials [34].  This process is 
similar to normal electrodeposition except that the current applied to the substrate is sent in short 
intervals instead of a constant flow.  This technique is typically used in the galvanostatic mode, 
which controls the current density instead of voltage [3,34].  Pulsed electrodeposition was 
carried out in 1995 by Sherik and Erb in the plating of nickel using cathodic square wave pulses 
where the current was completely cut off during the interval between pulses [3].  The ideal 
parameters for pulse length were studied and recorded but no trends were reported as to the 
effectiveness of changing different parameters.  This is an area of electrodeposition that needs 
more study but has good initial results that pure and smooth deposits can be fabricated.  This 
technique has the potential to not only possibly produce better materials but also to reduce the 
energy consumed and decrease the cost of electrodeposition towards applications other than 
microfabrication. 
 
3.1.5.2 Ion Implantation 
 
Ion implantation is a surface modification technique that has been in development for 
over thirty years now [35-38] and has been studied for its effects on metallurgical parameters 
including hardness [38].  Ion implantation is a physical modification of a shallow surface with 
surface modification generally less than 200 nm [39].  As MEMS devices decrease in size this 
modification range becomes significant because surface modification becomes material 
modification in nanoscale components.  Ion bombarding has been applied to nickel with boron, 
phosphorus, helium, argon, and nitrogen or a combination of these [38].   
Additionally it was found that dual ion implantation of titanium and carbon into nickel 
can produce an amorphous layer with enhanced strength, hardness and tribological properties 
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[21].  Ion beam techniques can also be used in conjunction with sputter-deposition to produce 
wear resistant coatings.  Nanocrystalline nickel-base coatings were deposited on austenitic 
stainless steel to improve the tribological properties of the base metal [40].  The different 
coatings were obtained by sputtering Ni or NiTi while ion implanting either argon or nitrogen.  
These ion beam-assisted coatings were shown to have superior wear properties compared to the 
un-ion implanted specimens.  It was also discovered that when argon was implanted into the 
NiTi sample, an amorphous deposit formed which did not improve the wear properties of the 
stainless steel substrate.  The practical aspects of this study were attributed to the preferential 
orientation beneficial to slip and to the densification of the coating [40]. 
 
3.1.5.3 Composite Nickel Coatings 
 
A number of studies in this area focus on creation of a composite material by adding 
various different materials to the electroplating baths [3,9,34,41-43].  Partially stabilized zirconia 
particles have been added to nickel sulfamate baths in order to form a Ni-PSZ composite coating. 
It was reported that the particle content could be uniformly dispersed in the coating and would 
increase the wear properties when tested using a reciprocating wear test machine [41].  The same 
process can be used with other particles and is referred to as sediment electrodeposition (SED). 
 Additives in the nickel electrodeposition bath have also been researched to study the 
effects of different chemicals on the plating process.  Coumarin and saccharin are just two of 
these additives, which have shown to decrease the grain size of deposits but introduce 
carbonaceous material or sulfur into the nickel.  Sulfur acts as a solid solution strengthener but 
may also cause intergranular embrittlement [9].  Saccharin is the additive that has been studied 
the most in conjunction with pulsed electrodeposition [3].  That study confirmed the increase in 
sulfur content with saccharin content.  Even though a large amount of sulfur is generated in 
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saccharin containing baths, the grain size reduction still makes this an area of interest.  With the 
proper concentrations this method can be used to increase performance while reducing the total 
energy and time requirements of plating. 
 Research has been performed on the application of multilayers to MEMS [43] with 
special attention to combinations of nickel and copper [34,42].  These studies used both pulsed 
and conventional electrodeposition techniques.  Such nanostructured composites are of great 
interest due to their novel magnetic properties and applications in GMR (Giant Magneto 
Resistance) [34].  It was suggested that the interfaces between the layers are coherent leading to 
increased lattice strain.   This strain causes a shift of the atomic positions that may lead to 
distortions of the electronic structures and so can affect their electrical transport and magnetic 
properties. 
 
3.2 Fundamental Wear Mechanisms 
 
Tribology is the study and science of friction, wear, and lubrication and has often been 
regarded as standing on the sideline of materials science [45].  One tribologist has gone so far as 
to say that the field “occupies a rather enigmatic position in science and technology, in that it is 
exceptionally important, yet has always been on the fringe of serious science and possibly on the 
lunatic fringe…” [46].  What is meant by this is that the field of tribology incorporates not only 
many aspects of mechanical engineering such as fluids, heat transfer, dynamics, and materials 
but also aspects of physics, chemistry and material science.  This poses a problem in 
communication and understanding between the different disciplines.  This field not only has a 
long history but also some future trends that are difficult to predict.  It has even been stated that 
“wear resistance” is emphatically not a materials property since it not only depends upon the 
material but also greatly upon the conditions of wear [45].  This is an obvious argument but for 
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purposes of simplification wear resistance under the given conditions will be referred to as a 
material property.  
In the study of tribology the types of wear, which can occur are classified by the kind of 
relative motion that exists between the material surfaces in contact.  Typically these kinds of 
motion are referred to as sliding, rolling, oscillating, impacting and erosive wear.  Other 
variables can be used to describe a particular test in more detail based on the environmental 
conditions, lubricants, or the angle of action.  It is even possible to run wear tests which have 
more than two contacting surfaces present, as in a typical rolling ball bearing where a ball has 
rolling wear contact with two completely separate surfaces.   
Jahanmir [47] classified the basic wear mechanisms into four categories; abrasive, 
adhesive, fatigue and oxidative wear.  All wear situations fall into at least one or a combination 
of more than one of these categories.  Two of these categories fall into this study and are 
described as follows: 
Adhesive wear:  This kind of wear occurs when two surfaces are sliding relative to one another 
and, due to surface roughness in the form of asperities, large stresses occur as these asperities 
contact one another.  These contact points result in very high stress values due to the small area 
involved and are referred to as Hertzian contact stresses.  In this case asperity contact results in 
severe plastic deformation of the asperities towards each other and adhesion occurs.  The wear 
volume per unit sliding distance, W, can be calculated according to Archard’s law of wear [48]: 
 
 
H
KPW =  (2) 
  
where P is the applied load, H is the hardness of the softer of the materials in contact, and K is 
the wear coefficient.  K is determined by the relative strength of the junction interface to the 
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strength of the asperities that make up the junction.  So if K has a low value then the interface is 
weaker in comparison to the asperities.  Lower K values result as the differences (hardness, 
roughness, material type, etc.) of the materials in contact become greater.  This constant is a 
complicated interaction of lattice parameters, surface energies, lubrication, surface roughness 
and material solubility characteristics, and can be determined experimentally.  Typically 
lubrication decreases this kind of wear because of the separation distance that occurs due to the 
film thickness. 
Abrasive Wear:  This occurs when material is mechanically displaced due to the presence of hard 
particles embedded in one or both of the materials in contact.  Abrasive wear can also occur due 
to hard asperities or protuberances on the moving surfaces.  A classical example is in sand papers 
where small ceramic particles like alumina or silicon carbide embedded into paper cause the 
abrasive effect.  The exact definition of a hard particle is relative to the softer surface.  The wear 
volume per unit sliding distance W for abrasive wear can also be calculated as follows: 
 
 
H
PW α=  (3) 
 
where P and H have been defined previously, and α is a factor that takes into account a 
combination of sharpness, probability of wear, material properties, and the nature of the process.  
Increasing the abrasive particle size increases the value of α and thus coarse-grained sandpaper 
can remove more material.  In this kind of wear, lubrication actually increases the wear rate since 
it can remove the worn material exposing a fresh surface to contact. 
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3.3 Tribological Behavior of Nanostructured Metals 
 
The lifetime and reliability of MEMS devices are strongly affected by friction and wear.  The 
tribological properties of all materials used in the LIGA process are of considerable interest.  A 
new device called a microtribometer, capable of working inside a scanning electron microscope, 
was designed to study the wear process in-situ [44].  It was reported that the tribological 
properties were very sensitive to changes of various parameters such as geometric dimensions, 
load, surface properties, etc.  The results indicated that humidity is a main factor on the process, 
where increased humidity resulted in better performance of the tested materials. 
 Rigney reported on how metallographic evidence has shown that very fine-grained 
structures, often in the nanometer range, are produced by the sliding contact of metals under 
large loads [23].  This is similar to the results of SPDR techniques, and shows how sliding 
contact of metals causes very large plastic strains and strain gradients adjacent to the interface 
between the interacting materials.  The material at the surface becomes unstable due to local 
shear, allowing transfer of deformed material from one surface to the other.  This material is 
further deformed and the debris produced from the wear is a mixture of the two materials 
together with very fine grained structures.  This phenomenon is mentioned because it may serve 
as a potential motivation.  Large grained Ni is expected to deform where as nanostructured nickel 
will resist.  Thus, it is possible to enhance wear resistance since less energy will be consumed for 
plastic deformation of the nickel producing lower friction.   
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4. EXPERIMENTAL 
 
4.1 Preparation of Nickel Samples 
4.1.1 Electroplating of Nickel Samples 
 
The nanostructured nickel samples tested in this study were all fabricated using Ultra-
Violet Lithography processing.  The substrate was a (110) silicon wafer sputter coated with 50 
nm of chromium and 300 nm of gold.  The silicon substrate was prepared by spinning AZ 400K 
photoresist at 2000 RPM for 30 seconds.  The substrate was then prebaked in a convection oven 
at 95°C for 15 minutes.  The exposure was performed on an Oriel UV Exposure Station in the 
wavelength range of 220 to 450 nm.    The nanostructured nickel samples were all 
electrodeposited using the same type of nickel Watts based plating bath that was purchased from 
Enthone Company.  The exact composition of the bath is undisclosed by the company but major 
components of a typical Watts-type bath are listed in Table 1. 
Table 1: Typical constituents of a Watts-type bath 
Chemical Composition (gl-1) 
Ni2SO4⋅7H2O 300 
NiCl2⋅6H2O 45 
Boric Acid 45 
 
Additives such as Saccharin, Coumarin, and Lauryl sulfate may have been added to modify 
the bath from this composition.  The plating was carried out using a direct current galvanostatic 
mode.  The current density was maintained throughout the plating process by varying the 
voltage.  The equipment used for this electrodeposition was an EG&G galvanostat, potentiostat 
model 273.  The anode of the bath was sulfur containing nickel encased in a titanium mesh 
basket.  A mechanical stirrer was used to provide agitation while the pH of the bath was 
maintained at 3.0 using sulfuric acid.  Dimensions of the plated samples were 2 cm X 2 cm and 
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50 µm thick.  .  The two parameters that were varied for this study were the current density and 
the temperature of the plating bath and are listed in Table 2.   
Table 2: Nickel electroplating parameters 
Sample Current Density 
(mA/cm2) 
Plating Temperature 
(°C) 
Sample Thickness 
(µm) 
PNi-001 15 30 50 
PNi-002 15 50 50 
PNi-003 30 30 50 
PNi-004 30 50 50 
 
4.1.2 Bulk Nickel Samples 
 
 In order to compare the properties of the nanostructured nickel to bulk nickel, it was 
necessary to prepare a sample of pure bulk nickel (larger grain size).  Nickel 200 was selected for 
this purpose because its nominal nickel composition is above 99%.  The nominal composition of 
Ni-200 is listed in Table 3 [49]. 
 
Table 3: Nominal composition of nickel 200, wt% 
Ni C Mn Fe Si Cu 
99.5 0.06 0.25 0.15 0.05 0.05 
   
 
The as-received nickel 200 was ordered in the form of 3.81 cm diameter bar stock, which 
was then parted on a lathe into 0.635 cm thick discs.  The discs were fine ground with silicon 
carbide paper down to 1200 grit, and fine polished down to ¼ µm diamond paste with methanol 
as the final step.  Methanol was used as the abrasive carrier to avoid reactions that can be caused 
by aqueous solutions. 
In order to determine the grain size, one of the Ni-200 samples was etched prior to taking 
SEM micrographs.  The first etchant used was the one most recommended by the literature [50].  
This etchant consisted of 1 part HNO3 to 1 part of acetic acid but did not perform as well as 
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expected.  Another etchant, composed of 10 g CuSO4, 50 ml HCl, 50 ml distilled water, and a 
few drops of H2SO4 added just prior to application, was used instead.  This etchant clearly 
revealed the microstructure of the metal. 
 
4.2 Microhardness Testing 
 
 Microhardness testing was carried out using a Vicker’s indenter under three different 
loads, 50, 100, and 200 grams.  This was carried out on a Simplex 1090 Multipurpose 
Microscope made by OPTU-Metric Tools Inc.  Five readings were taken for each sample at each 
load and the average is reported.  In order to obtain accurate microhardness readings, the 
indenter should not penetrate deeper than 10% of the thickness of the sample.  Because of this 
restriction higher loads could not be used to measure the hardness of the samples.  A more 
conservative table of allowable loads vs. thickness of samples was supplied with the 
microhardness equipment.  The loads were compared to these tables and were within the 
minimum thicknesses required.  In order to ensure the relative accuracy between samples, the 
same equipment and indenter was used for all samples.  The calibration of the equipment was 
checked periodically with a hardness standard block. 
 
4.3 Nanohardness Testing 
 
Hysitron Triboscope incorporated on a Digital Instrument Dimension 3100 atomic force 
microscope was used to characterize the surface of the samples.  A Berkovich-type pyramidal 
indenter was employed to carry out nanoindentation measurements.  The following loading 
profile was used along with the power law relationship to fit the unloading curve. 
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 10 sec 10 sec 10 sec 
Loading Profile: 0 µN  6000 µN  6000 µN  0 µN 
 
 Power Law Relationship: P = α ( h – hf )m (4) 
 where α and m are experimental constants. 
 
The data obtained from this system provided load vs. displacement curves along with the 
nanohardness readings.  From the unloading curves the reduced modulus and stiffness can also 
be calculated.  The reduced modulus is a function of the elastic modulus and Poisson’s ratio: 
 
 
)1(
EE 2r ν−
=  (5) 
 
4.4 Transmission Electron Microscopy 
 
Plain-view TEM samples were prepared for PNi-001 through PNi-004 samples.  The 
TEM specimens were prepared by mechanical grinding, polishing and dimpling followed by Ar-
ion milling.  Analytical TEM with electron diffraction (ED) was carried out in a JEOL 2010 
electron microscope at 200 kV to study the microstructure and measure grain size of the samples.  
Bright field and dark field methods were used to obtain the detailed structure. 
 
4.5 Scanning Electron Microscopy 
 
 SEM work was performed at the Socolofsky Microscopy Center.  A Cambridge 
Stereoscan 260 SEM with digital imaging capabilities operating at 15 kV was used.  All samples 
were mounted on aluminum stubs with adhesive graphite tape.  Due to the magnetic nature of 
nickel, astigmatism inhibited the quality of the images but was overcome by increasing the 
working distance.  The large working distance did not become a problem since the maximum 
magnification used was below 1.5 kX.  SEM micrographs were also taken of the etched Ni-200 
sample in order to measure its grain size.  For this purpose micrographs were taken at different 
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magnifications and grain size average values were measured.  Examinations across the width of 
each wear track were performed in order to view and characterize the wear patterns broadly.  
Micrographs were taken of an overview of each wear track and at a magnification of 1.35 kX.  
High magnification micrographs were all taken at the same value in order to ease comparisons 
between samples.   
 
4.6 Tribological Testing 
 
 The tribological testing portion of this study consisted of performing wear tests 
measuring the coefficient of friction as a function of the sliding distance of the sample and then 
measuring the volumes worn on both the nickel samples and the alumina (Al2O3) wear pins.  The 
alumina wear pins were 0.953 cm in diameter.   
The specific type of wear test performed in this study was with a pin-on-disk apparatus 
made by Implant Sciences that utilized a computer to control and collect data.  This test was 
performed in compliance with the ASTM standard designation G 99 – 95a.  This testing machine 
has been recommended for MEMS devices due to its simplicity of design and its suitability to 
obtain the material parameters necessary for tribological study [1]. 
Four wear tests were conducted on each sample.  All tests were conducted at a load of 
2.45 N for a distance of 2000 m at 10 cm/s sliding velocity.  After testing of the samples, all 
specimens were ultrasonically cleaned in acetone and methanol for equal lengths of time.  The 
acetone and methanol were replaced after every sample to reduce possible effects of 
contamination and temperature.  The humidity for all tests averaged 48% ± 5.5%. 
The wear volumes of the nickel samples were calculated using results obtained from an 
optical surface profilometer.  The equipment used was a WYKO NT 3300 profiling system made 
by Veeco containing the software package WYKO Vision 32.  The magnification used was 10 X 
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in VSI mode.  Most 3D scans covered 453 µm X 595 µm to the depth of each wear track.  Four 
scans were taken on all wear tracks at 90° intervals to remove any bias created by scanning only 
a single area.  The software calculated the volume of each section from the surface of the wear 
track to a plane that was placed at the surface of the specimen.  These volumes were then 
converted to the volume removed from the entire wear track using basic geometric calculations.  
The wear rates of the nickel samples were calculated by dividing the wear volume by the contact 
load and sliding distance. The wear rates reported in the results were the average of the four wear 
tracks averaged from the four optical scans.  The alumina pin wear rates were calculated based 
on microscopic determination of the diameter of the circular wear scars.  The wear scar diameter 
was measured in two perpendicular directions using an optical microscope with an eyepiece that 
could measure distances in µm.  The eyepiece measurements were calibrated by measuring a 
known distance to guarantee accuracy.  The wear pin volume was then calculated based on a 
formula (ASTM standard: G99-95A). 
 
 
r64
dW
4
P
π
=  (6) 
 
where WP = Wear Volume, d = average wear scar diameter, and r = wear pin radius.   
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5. RESULTS AND DISCUSSION 
 
5.1 Grain Size Measurements 
 
Figure 6 shows typical TEM micrographs of the electrodeposited structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: TEM micrographs of electrodeposited nickel 
 
  
 
 
 
Such micrographs were used in determining the grain size and its distribution for the 
electroplated nickel samples.  Due to the small size of the grains, TEM was necessary in order to 
achieve the high magnifications required to view the microstructures.  Another capability of the 
system is the ability to acquire ED (Electron Diffraction) patterns.  Figure 7 shows an example of 
one of these patterns that was taken for one of the electroplated nickel samples. 
 
 
PNi-001 
PNi-002 
PNi-003 
PNi-004 
i=15 mA/cm2 i=30 mA/cm2 
30°C 
50°C 
30°C 
50°C 
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Figure 7: Typical electron diffraction pattern of an electroplated Ni sample (PNi-001) 
 
 
 
 
 One of the key features of this pattern, is the almost continuous rings that are formed.  In 
large grain structures the rings appear as a series of diffraction spots while in small grain 
nanoscale structures the rings the large number of diffraction spots produces the observed rings.  
These patterns also served to confirm the dense plated structure of the nickel.  The grain sizes 
reported are those obtained from the micrographs but the ED patterns confirmed the scale of the 
grains.  
The grain size of the electroplated nickel specimens was measured using computer 
software in conjunction with the TEM plan-view micrographs.  The software measured the 
longest dimension L and the shortest dimension S of all grains of the micrographs and produced 
the grain size distribution charts shown in Figures 8 through 11. 
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Figure 8: Grain size distribution of PNi-001 
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Figure 9: Grain size distribution of PNi-002 
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Figure 10: Grain size distribution of PNi-003 
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Figure 11: Grain size distribution of PNi-005 
 
 These graphs give the average grain size and the uniformity of the grain sizes.  The 
broadness of the peaks is one of the indicators of grain size distribution.  A broad peak indicates 
a large grain size distribution.  The PNi-003 and PNi-004 grain distributions show much broader 
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peaks and thus have less uniformity between grains compared to the other two samples.  It 
should be noted that PNi-003 and PNi-004 were plated at the higher current density of 30 
mA/cm2.  It can also be seen that between these two samples the PNi-004 has broader peaks than 
PNi-003 indicating that the higher bath temperature in the former also resulted in wider grain 
distribution.  For PNi-001 and PNi-002 the peaks have approximately the same widths 
suggesting that temperature effects are probably realized only at higher current densities.  
Another way of characterizing grain geometry is by comparing L/S ratio values.  A value of L/S 
= 1 indicates equiaxed grains.  The values of L and S along with the L/S ratios are summarized in 
Table 4.  The measurements indicate that all grains exhibited a small degree of elongation (L/S > 
1). 
Table 4: Grain size chart summary 
Sample L (nm) S (nm) L/S 
PNi-001 10.7 ± 3.8 6.1 ± 2.8 1.75 
PNi-002 11.2 ± 3.7 5.9 ± 2.1 1.90 
PNi-003 19.7 ± 6.1 11.2 ± 3.7 1.76 
PNi-004 21.5 ± 8.6 11.8 ± 4.1 1.82 
 
 The values in Table 4 clearly show that a lower current density caused a significant 
decrease in grain size.  Again values in Table 4 and grain distributions indicate that the 
specimens that were plated at 50°C have grains that are less uniform than the ones plated at 
30°C.  Also, temperature was found to have a small effect.  The data seems to indicate that 
higher temperature causes a larger grain size but these differences are not statistically significant.  
It is interesting to note that all the L/S values were close regardless of electroplating conditions.  
However, the importance of this is that at the nanoscale even small changes in grain size are 
relatively large compared to the average grain size and the presence of proportionally small or 
large grains can have an effect on the materials properties. 
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 The grain size of the bulk nickel was determined from the average diameters measured 
from multiple SEM micrographs at various magnifications.  Figure 12 shows a typical example 
of these micrographs. 
 
 
Figure 12: SEM micrograph of etched Ni-200 
 
Table 5: Average grain size 
Sample Average Grain Size (nm) 
PNi-001 8.1 
PNi-002 7.9 
PNi-003 14.5 
PNi-004 15.0 
Ni-200 41.0 µm 
  
 
 From these results, the average grain size was determined for all nickel samples and 
summarized in Table 5.  The electroplated nickel grain sizes show the effect that different 
processing parameters have on the microstructures of these nanostructured materials.   
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5.2 Microhardness 
 
The first mechanical property reported in this study is the microhardness of all nickel 
samples.  The Vickers hardness readings are shown in Figure 13 for all four electroplated 
samples and the Ni-200 sample. 
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Figure 13: Vickers hardness of electroplated and bulk nickel 
 
 It is apparent that changes in grain size have an effect on the microhardness values.  
While the different electroplated samples exhibit similar hardness the bulk nickel shows a 
considerably lower surface hardness value.  The two electroplated samples with the smaller grain 
size also show on average slightly higher readings than the average hardness of the samples with 
the larger grain size.  This is consistent with other studies in nickel and other metals [10,11,24].  
Such effects have been attributed to smaller number of dislocations in pile-ups in smaller grain 
sized materials. 
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5.3 Nanohardness 
 
 Nanohardness tests were conducted on all samples.  Figure 14 shows an example of 
loading curves obtained during nanohardness testing.  Figure 15 presents the values of reduced 
modulus and the nanohardness readings for sample PNi-001 and serves as an example of the 
format of the readings.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Loading and unloading curve during nanohardness testing of PNi-001 
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Figure 15: Typical experimental values of nanohardness and reduced modulus for PNi-001 
 
 
 
 
 
PNi001 
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Table 6: Nanoindentation test parameters and results 
Sample hc (nm) H (GPa) Er (GPa) S (µN/nm) 
PNi-001 165±5 8.5±0.6 207±11 195±11 
PNi-002 166±6 7.8±0.5 212±11 210±18 
PNi-003 180±3 6.7±0.2 135±14 143±18 
PNi-004 177±10 7.0±0.7 167±25 176±37 
Ni-200 254±4 3.3±0.1 238±8 358±8 
 
 The nanoindentation results for all samples are summarized in Table 6.  Where hc is the 
contact depth, H is the nanohardness reading, Er is the reduced modulus and S is the stiffness.  
These results are also displayed in Figures 16 through 18 in order to reveal the effects of 
variation in parameters on the mechanical properties as determined from the nanohardness 
evaluation. Figure 16 illustrates the nanohardness variation as a function of the two values of 
current density and bath temperature. 
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Figure 16: Nanohardness as the function of current density and bath temperature 
 
Figure 16 shows that a lower current density results in smaller grain size that 
subsequently produce a higher hardness.  This also shows a decrease in hardness at 15 mA/cm2 
when the plating bath temperature is increased.  This is likely a result of the nonuniform grain 
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structure that was shown to occur at higher electroplating temperatures.  The samples plated at 
30 mA/cm2 show no significant variation in nanohardness at higher plating temperatures.  Figure 
17 illustrates the variation of reduced modulus as a function of current density and bath 
temperature. 
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Figure 17: Reduced modulus as the function of current density and bath temperature 
 
 The results in Figure 17 show that decreasing the current density results in an increase in 
reduced modulus of over 60% at 30°C and over 35% at 50°C.  This type of property change is 
significant in the microfabrication industry like in microactuator components where the exact 
displacement of parts is crucial.  The other aspect of these results that is interesting is the slight 
increase in reduced modulus at higher plating temperatures.  Both of these effects can be 
attributed to development of higher density material at lower current densities and/or higher 
temperatures.  Electroplating under high current densities has been reported to cause (100) 
texture or preferred orientation in Ni [9,29,51].  Since the atomic density is low in the [100] 
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direction a lower modulus is expected.  Lower current densities and higher temperatures during 
electroplating result in higher atomic mobility producing a more random and dense structure. 
Figure 18 illustrates the variation in stiffness as a function of current density and bath 
temperature. 
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Figure 18: Stiffness as the function of current density and bath temperature 
 
 A similar behavior is observed as that for the reduced modulus.  The difference here is 
that the factor of the Poisson’s ratio is removed and a direct relationship between force and 
displacement is observed.  These results seem to indicate the trend that further improvements in 
modulus and hardness through producing a smaller grain size would have been expected by 
reducing further the current density during deposition.  However, the grain size obtained in this 
study with the smallest current density was ~ 9 nm.  Considering Fig 19 it is evident that a 
further decrease in grain size (~5nm) achieved through a lower current density produces a 
reduction in strength [9,52,53].  This phenomenon has been defined as inverse Hall-Petch 
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relationship and has been attributed to the significant volume fraction and thus effect of triple 
junctions. 
 
Figure 19:  Summary of previous results on flow-stress as a function of grain size   
It is interesting to note that this previous study determined a grain size of ~9 nm as the 
upper limit of the Hall-Petch relationship where beneficial effects from decreasing grain size are 
obtained.  Thus, the present study, eventhough considered a small variation of electroplating 
parameters, the produced grain sizes were in the upper critical limit and the one with the highest 
potential. 
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5.4 Friction and Wear Behavior 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20:  Coefficient of friction vs. sliding distance for nanostructured and bulk Ni 
 
Figure 20 presents the wear test results performed on the nickel samples.  The coefficient 
of friction is a crucial part of tribology and gives a ratio of the tangential force vs. the applied 
normal force to the surface of the specimen. The tangential force is a combination of kinetic 
friction and adhesive forces.   Usually, a low coefficient of friction results in a more wear 
resistant surface.  Figure 20 shows that the bulk nickel exhibits the highest average coefficient 
compared to the electroplated samples.  It is also interesting to note that the nanostructure Ni 
with the smallest grain size (PNi-001) exhibited the lowest coefficient of friction.  These 
observations clearly indicate a direct relationship between tribological behavior and hardness (or 
grain size).  Additionally the present results suggest a method of improving critical properties 
such as tribological properties of MEMS.  In order to obtain a more complete understanding of 
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what is occurring the volumes of material removed from both the nickel and the alumina pins 
were calculated and these wear rates are summarized in Table 7. 
 
Table 7: Wear rates for nickel and alumina 
Specimen Nickel Wear Rate (µm3/Nm) Al2O3 Wear Rate (µm3/Nm) 
PNi-001 1808 183.5 
PNi-002 1883 177.5 
PNi-003 2317 163.8 
PNi-004 2253 168.7 
Ni-200 2875 139.8 
 
The wear rates are in agreement with the exhibited frictional behavior.  The samples that were 
plated at the lower current density exhibited lower wear.  The alumina pins exhibited higher wear 
on the nickel samples which were plated at the lower current density.  The electrodeposited 
nickel samples plated at 30 mA/cm2 show more wear than those plated at 15 mA/cm2 but less 
wear then the bulk nickel.  These changes are significant but are not as dramatic as the other 
mechanical properties reported in this study.  This is likely due to the increased performance of 
the bulk nickel caused by recrystallization of the grains to a relatively large nanoscale range 
because of severe plastic deformation as reported in the literature [23].  Plastic deformation has 
been shown to occur for the bulk nickel and does increase the performance but results in a far 
rougher surface that may not perform as well for longer sliding distances which could occur in 
applications.   
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Figure 21: 3D profiles of wear tracks 
 
Figure 21 shows 3D images of portions of each sample’s wear tracks indicating the 
increasing amounts of visible wear and surface roughness created during wear for each of the 
samples.  Similarly SEM micrographs taken from all wear tracks provided a means to observe 
and characterize the worn surfaces.  Figures 22 and 23 show typical appearance of a smoother 
wear track surface is observed for the nanostructure Ni compared to its bulk counterpart.  
Furthermore, several microcracks transverse to the sliding direction are observed in the bulk Ni.  
A significantly higher amount of plastic deformation is expected to occur in the large grained 
bulk Ni under the sliding contact leading to cracking and removal of material portions.  On the 
contrary, the nanostructure Ni is expected to show significantly less and finely distributed 
deformation resulting in removal of fine portions of material producing a smaller overall removal 
rate.  The aforementioned difference in the wear mechanisms was supported by SEM 
observations at higher magnifications.  Figures 24 and 25 show wear tracks in bulk and 
nanostructured Ni, respectively.  It is evident that extensive cracking has occurred.  An entirely 
different wear track is observed in the bulk Ni more than likely from coarse dislocation bands 
that develop in the large grain size.  This behavior is also consistent with the higher coefficient of 
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friction observed in this material.  Development of extensive plastic deformation is an energy 
requiring process and is translated into a higher coefficient of friction.  Nanocrystaline Ni shows 
smooth wear tracks with no evidence of cracking.  Its high hardness and small grain size inhibit 
development of extensive slip bands result in a much finer and uniform distribution of 
deformation that is producing a better wear resistance to abrasive wear.  Furthermore, smooth 
wear track surfaces increase the contact surface area with the pin material producing lower 
contact stresses.   
 
 
Figure 22: SEM micrograph of entire wear track of Ni-200 
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Figure 23: SEM micrograph of entire wear track of PNi-001 
 
 
Figure 24: SEM micrograph of wear track in bulk Ni (Ni-200) 
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 On the contrary, the rough surface appearance of the wear track in the bulk Ni produces 
high stresses at asperity contacts resulting in high wear rate through a fatigue wear process. 
 
Figure 25: SEM micrograph of wear track in nanostructured Ni (PNi-001)  
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CONCLUSIONS 
 
Based on this study, the following conclusions can be drawn at present: 
1. Under the conditions used in this study, electroplating produced thick, dense, and uniform 
nickel deposits with grain size down to 10’s of nm and a length/width ratio around 1.8. 
2. Plating at lower current densities was found to produce smaller grain size.  Temperature 
showed a minor effect with higher temperatures producing a broader grain distribution. 
3. Grain size and distribution were found to significantly affect hardness and elastic properties.  
The plated nickel samples with the smallest grain size possessed a hardness that was at least 
three times higher than that of bulk nickel. 
4. All nanostructured nickel samples showed lower coefficients of friction and wear rates 
compared to that of bulk nickel.   The nanostructured Ni with the highest hardness also 
exhibited the lowest coefficient of friction and wear rate.   
5. These differences were attributed to different wear mechanisms.  Bulk Ni showed extensive 
cracking and evidence of material removal under a wear fatigue mechanism.  On the contrary 
nanostructure Ni exhibited a fine abrasive wear mechanism.  
6. The present results suggest a consistent relationship between processing parameters, grain 
size and distribution, hardness, and wear behavior in electroplated nickel. Understanding of 
this relationship can be applied to tailor properties and improve behavior of MEMS 
components. 
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